A single-channel vertical interferometer system and a multichannel tangential interferometer/ polarimeter system will be constructed on the Korea Superconducting Tokamak Advanced Research device. A vertical system will be used mainly for a density feedback control and a tangential system will be used for getting electron density profile along the radial direction of plasma. Three 118.8 m methanol lasers optically pumped by 9.7 m carbon dioxide lasers are implemented as beam sources. The optical system including optics inside the retractable cassette has been designed in the consideration of long beam paths in a narrow diagnostics port. In addition to the shifted phase compensation, focusing mirrors will be used to minimize the deflection error since large deflection of the tangential beam is expected in such a long beam path.
I. INTRODUCTION

One of the most important missions of the Korea Superconducting Tokamak Advanced Research (KSTAR)
1 is a stable long-pulse operation through the active control of plasma transport, where various plasma parameter profiles need to be controlled appropriately. Among them, the electron density profile is crucial for the active control of tokamak plasma transports. So, measuring electron density is considered to be a primary diagnostic activity for most tokamaks, and various diagnostics are developed for this purpose. Interferometry and densitometry techniques are widely used to measure the electron density of the tokamak plasma. 2, 3 A millimeter wave interferometer 4 will be used to measure the line integrated electron density for the first phase of KSTAR operation where the peak electron density is about 10 19 m −3 , and a far-infrared (FIR) interferometer/ polarimeter will be used from the second phase of the operation where the peak electron density is expected to be about 10 20 m −3 . A single-channel vertical FIR interferometer system and a seven-channel tangential FIR interferometer/polarimeter system will be constructed on the KSTAR device. A vertical system will be used mainly for a density feedback control and a tangential system will be used for radial electron density profiles of the plasma. An optical system including FIR laser system has been designed for the simultaneous detection of the interferometry and polarimetry signals, and an improved Abel inversion technique 5 will be used for more accurate electron density profiles from the seven-channel tangential signals.
II. CHARACTERISTICS OF KSTAR FIR INTERFEROMETER/POLARIMETER
KSTAR tokamak plasmas will have 1.8 m major radius and 0.5 m minor radius, and 10 20 m −3 peak electron density in the second phase of the operation. In this plasma condition, a suitable wavelength of 118.8 m is chosen as an electromagnetic wave source, which can be delivered by conventional high-power laser sources. 6 At this wavelength, expected values of phase shift angles, Faraday rotation angles, and beam deflection lengths for KSTAR are calculated.
For a vertical system, a calculated interferometry phase shift is about 22 radians, while Faraday rotation angle and beam deflection length are negligible when the probing beam propagates through the center of the plasma so only the interferometry phase shift angle will be measured in the vertical system.
The calculated beam parameters for the tangential system shown in Fig. 1 indicate that polarimetry as well as interferometry can be implemented simultaneously with the same wave source in the KSTAR tokamak. Faraday rotation angles show very high values of about 0.2-6 radians for various radial beam positions, guaranteeing that the density resolution of the system is very high without any fringe jump during the operation.
On the other hand, beam deflections at the position of retroreflector show relatively large values of up to 6 mm. As a size of a retroreflector that will be mounted inside the wall of the vacuum vessel is several times larger than the beam size at that position, no loss of beam power at the retroreflector is expected. However, beam deflection can be a source of measurement errors since the interferometer phase angle and the Faraday rotation angle can be shifted by the change of beam path with the different lateral positions of the inlet and outlet beam. An expected phase error by deflection can reach several percents in KSTAR so the compensation of these deflected beam positions is required for more accurate density inversion.
For the tangential electron density measurement system of the KSTAR, polarimetry may be preferred to interferometer system since polarimetry is insensitive to the machine vibration. Moreover, rotation angle in the polarimetry does not exceed one fringe even if there are very rapid density changes with the given toroidal magnetic field strength of KSTAR. By noting that interferometry has a higher density resolution, both polarimetry and interferometer system will be used simultaneously in KSTAR because the same optical system including the same laser can be used. With the simultaneous system, the tangential polarimetry system can still provide good density measurements even in a severe vibration environment. Furthermore, vibration itself can be estimated by comparing data from both interferometer and polarimetry systems.
III. DESIGN OF THE SYSTEM
Three FIR lasers pumped by a carbon dioxide laser will be used as electromagnetic wave sources of the system. A methanol gas is used as a gain material of the FIR laser, and a water-cooled dielectric waveguide is used for higher efficiency of the laser. The beam line of 9P36 with the wavelength of 9.7 m from a carbon dioxide laser is coupled into the FIR laser waveguide to pump methanol gases to the metastable energy states appropriate for lasing 118.8 m beam. 6 A maximum power of about 170 W has been measured at the 9P36 line of the carbon dioxide laser, where the FIR laser beam will be pumped effectively. The power of each FIR laser is expected to be over 100 mW with this design.
A triple-laser system 7 will be used for higher modulation frequency and simultaneous detection of the phase shift angle and Faraday rotation angle. One of these methanol lasers will be frequency-shifted using Stark effect for a better temporal resolution of the signal. 8 So, the FIR lasers can be operated at the shifted frequencies relative to the local oscillator frequency by about several MHz. One FIR laser operates as a local oscillator and two other FIR lasers are used to form probing beam lines. Optical schematic of triple-laser system for the KSTAR tokamak is shown in Fig. 2 . Two probing beams are tuned to two different frequencies of 1 and 2 , respectively, and they form linearly polarized beam rotating with the frequency of ͉ 1 -2 ͉ by passing through a quarter wave plate after merging at a polarizer. These beams are divided into eight probing beams with beam splitters, and then sent to the plasma tangentially as well as vertically. In the phase comparator electronics, interferometer phase shift angles can be obtained by comparing probing signals of ͉ 1 -LO ͉ or ͉ 2 -LO ͉ with a reference signal, and Faraday rotation angles can be obtained by comparing probing and reference signals at the frequency of ͉ 1 -2 ͉. Here, LO is a local oscillator frequency. Since all the field coils in KSTAR are made of superconducting material, the tokamak vacuum vessel is surrounded by a large cryostat that is under vacuum and installed with a liquid helium panel. Therefore, the entrant ports to the vacuum chamber are far away from the plasma boundary and tangential views to the plasma are very restricted. To overcome this circumstance, a retractable cassette is required for a deep positioning of the optical elements. A cassette for the FIR interferometer/polarimeter has been designed to be vacuum boundary itself for the adjustment of the optical elements at atmospheric pressure. After deflecting to various plasma radial directions by the mirror located in the cassette, FIR probing beams travel through two etalon windows on the inner wall of the cassette. These beams are reflected at the retroreflector located inside the wall of the vacuum vessel. Tangential rays from the retractable cassette of the retroreflector are depicted in Fig. 3 . A vertical probing beam propagates from the lower side of the vertical port and reflects at the retroreflector located at the upper side of the vertical port.
Reflected probing beams need to be propagated back through the plasma to be combined at the array of Schottky diode mixers with the local oscillator beams from the beam splitters. Based on the calculation shown in Fig. 1 , some probing beams are deflected several millimeters from the original beam path by the refraction in the plasma. Although these deflected beams are confirmed not to miss the retroreflector, they may have a possibility of missing the Schottky diode mixer with such a long beam path, resulting in losses of power or signals. The deflected beam returning from plasma has significant lateral displacement with negligible angle difference from the original inlet beam by the characteristic of a retroreflector. Therefore, concave mirrors for deflection compensation need to be used for focusing these deflected beams. The focal length of the concave mirrors should be the same with the distance from the mirror to the mixers. By using these focusing mirrors in addition to the shifted phase compensation, the error caused by a deflection can be minimized.
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